n a single-blind, randomised series of knee replacements in 116 patients, we used radiostereometric analysis (RSA) to measure micromotion in three types of tibial implant fixation for two years after knee replacement. We compared hydroxyapatite-augmented porous coating, porous coating, and cemented fixation of the same design of tibial component.
I
n a single-blind, randomised series of knee replacements in 116 patients, we used radiostereometric analysis (RSA) to measure micromotion in three types of tibial implant fixation for two years after knee replacement. We compared hydroxyapatite-augmented porous coating, porous coating, and cemented fixation of the same design of tibial component.
At one to two years, porous-coated implants migrated at a statistically significantly higher rate than hydroxyapatite-augmented or cemented implants. There was no significant difference between hydroxyapatite-coated and cemented implants.
We conclude that hydroxyapatite augmentation may offer a clinically relevant advantage over a simple porous coating for tibial component fixation, but is no better than cemented fixation. [Br] 1998;80-B:417-25.
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Animal studies have shown that hydroxyapatite coating enhances the fixation of unstable uncemented joint implants when there are gaps between bone and implant. 1, 2 Hydroxyapatite coatings vary in composition, thickness and the type of metal undersurface, 3 but in animal studies they have been shown to improve the fixation of porous-coated implants. [4] [5] [6] The clinical effect of hydroxyapatite augmentation of porous coating in knee replacement has not yet been fully evaluated.
Migration of knee implants within two years as measured by radiostereometric analysis (RSA) can predict the risk of later aseptic loosening: Ryd et al 7 showed that migration of the tibial component of more than 0.2 mm between 12 and 24 months had an increased risk of subsequent loosening. Early migration has been shown to be related to implant survival, 8 and the predictive value and minimisation of error provided by RSA provide a tool for the evaluation of new designs of implant. 9, 10 We used RSA in a single-blind, randomised trial to evaluate the effect of hydroxyapatite coating on the porous undersurface of tibial components comparing hydroxyapatite-augmented porous coating (HAPC) with plain porous coating and cement fixation.
Patients and Methods
From September 1992 to November 1995, 116 patients had 146 knee replacements using the Press-Fit Condylar (PFC) modular, posterior-cruciate-retaining prosthesis with a posterior lipped polyethylene insert (Johnson and Johnson Orthopaedics, New Milton, UK). We included only patients with primary osteoarthritis who had not had a previous osteotomy of the affected knee. Other exclusion criteria are listed in Table I . All patients gave written consent and the study was approved by the Ethics Committee of Lund University. There were 28 men and 88 women with a mean age of 73 years (59 to 80) and a mean weight of 79 kg (43 to 127) (Table II) . Table I . Exclusion criteria for patients having the PFC prosthesis Knee replacement was unilateral in 86 patients and bilateral at the same operation in 30. Patients for unilateral replacement were randomly assigned to receive one of the three types of tibial component fixation and those for bilateral operations to one of the three fixations for the first knee. The second knee was then randomly assigned for one of the remaining two types of fixation.
Three series of 50 envelopes were randomised into two numbered sequences, one of 90 for the unilateral group and one of 60 for the bilateral group. During the operation, an envelope was opened in sequential order after tibial resection. For the bilateral group, the most symptomatic knee was always replaced first in case the second side could not be replaced because of anaesthetic or other problems.
In the unilateral series, there were four randomisation errors: in two cases the envelopes were opened in error for patients who did not fulfil the criteria for the study, in one the wrong fixation was used, and in another the correct size of the selected prosthesis was not available. In these four knees, randomisation had specified three porous prostheses and one cemented prosthesis. There were no randomisation errors in the bilateral group. As a result 49 knees had cemented fixation, 47 had porous fixation, and 50 had HAPC fixation.
The study was single-blind: patients did not know which fixation(s) they received. The surgeon did not usually recall which fixation had been used when he reviewed patients. Our study was designed with sample sizes to give a minimum power of 80% for differences between groups when the probability of HAPC migration being less than porous migration was 0.75 (two-sided Mann-Whitney test with 0.01 significance level). Our final evaluation was planned for two years after surgery.
The operations were performed by six surgeons using a clean-air enclosure with vertical air-flow and a tourniquet. Intravenous antibiotics were given for 24 hours. A straight midline incision was used unless scars from previous softtissue procedures interfered with this. The posterior cruciate ligament was preserved, and all resections were made using standard PFC instrumentation. Femoral bone cuts were made after intramedullary instrumentation, and tibial resections after extramedullary instrumentation. After routine lavage, vacuum-mixed, gentamicin-loaded cement (Palacos cum Gentamicin; Schering-Plough, Kenilworth, New Jersey) was used for all implants in the cement fixation group.
The PFC tibial prosthesis has a modular tray of titanium alloy (Ti6Al4V) with no screwholes, a cylindrical stem with a polyethylene (UHMWPE) plug distally and a threeflanged keel (Fig. 1) . The undersurface was smooth for the cemented implants. The porous component had a layer of sintered beads of Ti6Al4V on its undersurface, but not on the stem or keel. The beads were spherical of a size range of 425 to 710 m. The sintered coating had a porosity of about 40% with primary pores of 120 to 440 m and interconnecting pores of an average of 200 to 240 m. Tibial components of the PFC modular knee prosthesis: left, the porous-coated version for uncemented use and right, the component for cemented use. All tibial components had a polyethylene plug at the distal end.
The HACP implants had the same beaded porous undersurface, with the addition of a 55 m thick plasma-sprayed hydroxyapatite layer (CAMCERAM; CAM Implants BV, Leiden, The Netherlands). The hydroxyapatite coating had a crystallinity of 62% to 72%, a calcium to phosphorus ratio of 1:67, and contained no less than 95% (w/w) hydroxyapatite and no more than 5% (w/w) calcium or phosphate salts, confirmed by X-ray diffraction by the manufacturer.
In the cemented group, implants had cement only under the tibial plateau: the stem and keel were not cemented. All the PFC femoral components had a beaded deep surface identical to that of the porous-coated tibial components, and were implanted with or without cement. Of the 116 knees in our study, the femoral component was cemented in 27 and uncemented in 89 by the surgeon's preference (Table II) . All the polyethylene inserts had a posterior lip. Although it was agreed that the patella would usually not be resurfaced, the surgeon chose to implant a patellar component in one hydroxyapatite and two cemented knees.
All patients were mobilised on the first postoperative day using two crutches, and began active movements under the supervision of a physiotherapist. Subcutaneous injections of low-molecular-weight heparin were given from the first postoperative day as thromboembolic prophylaxis. RSA. The first RSA was performed within one week of the operation and thereafter at 3, 12, 24 and 36 months. The tibial metal trays included five 1.0 mm tantalum markers (Industrial Techtonics, Ann Arbor, Michigan), and the polyethylene plug at the end of the tibial stem had one 0.8 mm marker. The polyethylene inserts were marked with five 0.8 mm tantalum markers by the manufacturer. At operation, about ten 0.8 mm tantalum markers were placed in trabecular bone in the proximal tibia using a spring-loaded piston (Fig. 2) . RSA was performed with the patient supine and the operated leg inside a calibration cage made of Plexiglas with embedded 0.8 mm markers.
Biplanar RSA 11 involved simultaneous exposures from two tubes at right angles. A high kilovoltage technique and rasters were used to obtain films of good quality. These were digitised on a measurement table (Hasselblad Engineering, Gothenburg, Sweden) using linear gauges and a video camera with ‫61ן‬ magnification. This provided input data for photogrammetry whereby the three-dimensional co-ordinates for all the markers in the implants and bone were calculated. We used rigid body assumptions, so that relative motion between the tibial components and the tibial bone could be calculated with six degrees of freedom. We present the RSA results as the vector length of translation of the marker in the polyethylene insert that had moved most by the time of the examination; this is the maximum total point motion (MTPM). We also calculated the maximum proximal migration (lift-off) and the maximum distal migration (subsidence), using the marker in the polyethylene insert which showed the largest value for proximal migration or subsidence. Rotations of the whole tibial component around the three axes were determined, using all the markers in the polyethylene insert and the metal tray, and presented as absolute values.
MTPM represents a vector length; thus the MTPM difference between 24 and 12 months cannot be obtained by subtracting the 12-month value from the 24-month value. We performed a separate calculation of such MTPM differences using the 12-month examination as a reference. Implants with an MTPM difference of 0.2 mm or less were classified as stable and those with a difference greater than 0.2 mm as unstable. The precision of RSA for knee replacements in our department was assessed by double examination of 56 of the knees on the same day. This displacement should be zero: large deviations would indicate imprecision. The mean and median absolute displacements were all close to zero and the estimated standard deviation of the nonabsolute displacement values were small (Table III) . We also found no evidence that any of our displacement measurements had a non-zero population median, based on sign tests of the hypothesis that the population median is zero (all p values ≥ 0.14). This suggests that positive and negative deviations from zero are equally likely, showing no evidence of positive or negative bias in the measurements.
Standard anteroposterior and lateral radiographs, with the beam tangential to the joint line, were obtained postoperatively and at 12 and 24 months. These radiographs were carefully evaluated for any implant-bone or cementbone lucencies, using the method of Ewald, 12 in which the interface around the tibial component is considered in ten zones, on both AP and lateral radiographs. The axial alignment of the lower limb was measured on full-length standing radiographs of the whole leg at three months. The hip-knee-ankle line was related to the longitudinal line of the tibia (HKA angle) 13 and to the angle between the joint line and the longitudinal axis of the femur (alpha angle). 12 The position of the tibial component was evaluated on the postoperative radiographs as the medial (beta) and posterior (sigma) angles between the joint line and the longitudinal axis of the tibia. 12 The Knee Society clinical rating system 14 was used to obtain knee and functional scores for clinical evaluation. These were obtained preoperatively and at 3, 12 and 24 months. The preoperative scores for the implant groups are summarised in Table II. Complete 3-, 12-and 24-month data were obtained for most patients. In the cemented group, one patient did not attend at 3 and 12 months. In the porous group, one knee needed reoperation for infection and was excluded. Three other patients in the porous group failed to attend at 24 months: one had moved, one had died from an unrelated cause and one refused. In the HAPC group, one patient had a reoperation for exchange of the tibial insert, and was excluded after 12 months and another because there was an insufficient number of tantalum markers.
One patient in the porous group had a reoperation after 18 months for insertion of a patellar component and another in the HAPC group had an area of skin necrosis over the tibial tuberosity which required a split-thickness skin graft soon after arthroplasty. This graft healed well and both cases were included in the analyses.
The data for the 60 knees from patients having bilateral replacements are paired, and therefore the data for the firstoperated knee cannot be considered to be statistically independent of the data for the second-operated knee. To ensure statistical independence in analysis of data, we used the results from only one knee for each patient with bilateral implants. Our main interest was the HAPC fixation of a porous component, and therefore we selected the HAPC knee for all 20 patients with both an HAPC implant and a cemented or porous implant and the porous-implanted knee for all ten patients with a porous and a cemented implant.
Comparison of unilateral and bilateral data, using MannWhitney tests separately for the porous and HAPC groups, showed no statistically significant differences at the 0.01 level between the unilateral and bilateral cases for any of the measurements.
To minimise the number of statistical tests, we used overall tests to compare the three study groups and the three postoperative time periods. Statistically significant differences, based on the Friedman test, were often found between measurements at different durations; we therefore analysed these measurements separately and did not combine them into a summary measure. The number of statistical tests was still fairly large, and we used a 0.01 significance level to reduce the risk of finding statistically significant differences that are chance fluctuations rather than real differences (type-I errors). The use of strict Bonferroni correction for this multiplicity problem would cause an unacceptable loss of statistical power. We give exact p values whenever possible to enable the results to be evaluated better. To eliminate differences for various time periods that were artefacts caused by different patients at different durations, we used only patients with measurements for all three durations in the analysis of those measurements.
The data were not normally distributed, and the degree of non-normality differed dramatically for different study groups. Attempts to transform the data to approximate normality were unsuccessful. We therefore used non-parametric methods, in particular the Friedman test, to compare measurements for the three time periods. If the Friedman test was statistically significant we used paired sign tests to compare the time periods two at a time to determine which were different. The Kruskal-Wallis test was used for each time period separately to compare the three implant types for each time period. If the Kruskal-Wallis test was statistically significant, we used Mann-Whitney tests to compare the pairs of implant types. A chi-squared test of association above, compared with 29% of the HAPC group (p = 0.0098) and 25% of the cemented group (p = 0.0074). When the implant types were compared with respect to the absolute values of rotation around the transverse and longitudinal axes, there were statistically significant differences between 39 HAPC, 32 porous, and 28 cemented knees (Table IV ; Figs 4 to 6). The cemented group had lower absolute values for transverse rotation than the HAPC or porous groups at three months, and lower absolute values of transverse rotation than the HAPC group at 12 months. Absolute values for longitudinal rotation were lower for the cemented group than for the HAPC and porous groups at three months, and lower than those for the porous group at 12 and 24 months.
The directions of rotations around the three axes were similar for all implant types, with mainly posterior tilt, outward rotation, and rotation into valgus around the sagittal axis. One HAPC knee gave extreme outlying rotations, with 6° of outward rotation and 5° of rotation into valgus at 12 months. For this knee, the MTPM difference between 24 and 12 months was 1.0 mm; the postoperative HKA angle was 189°, and the beta and sigma angles were 97° and 75°, respectively. The knee score was 43 at 12 months and 73 at 24 months, with functional scores of 25 at 12 months and 60 at 24 months. The patient's main complaints were due to an arthritic hip on the contralateral side; she has since had a total hip replacement.
We found no statistically significant differences between implant types for maximum proximal migration at any time period, but this was based on only 21 HAPC, 12 porous, and 20 cemented knees with positive values for this measurement at all three time periods, since we excluded those with negative values from this analysis. There were statistically significant differences between implant types for maximum distal migration (subsidence), based on the 34 HAPC, 25 porous, and 21 cemented with negative values at all three time periods. At three months, the cemented group had significantly less subsidence than the HAPC group (p = 0.0007) or the porous group (p = 0.0001) (Fig. 7) .
The mean 24-month HKA angle was 180 ± 3° (171 to 189) for all implant types with no statistically significant difference between 50 HAPC, 36 porous, and 29 cemented knees. There were no statistically significant Spearman correlations between the HKA angle, the MTPM and absolute rotation at 24 months for 102 knees. The mean alpha, beta and sigma angles for all groups were 96 ± 3° (80 to Mean (± SEM) rotation around the sagittal axis v time for HAPC, cemented, and porous fixation. 102), 90 ± 2° (85 to 100), and 83 ± 4° (72 to 90), respectively, with no statistically significant differences between groups of 50 HAPC, 36 porous, and 29 cemented knees. There were no radiolucencies in the zones around the stem or keel, and no knees had radiolucencies greater than 1 mm, but there was a radiolucency of up to 1 mm in at least one of the six zones under the tibial plateau in 38% of the cemented group (n = 29), compared with 14% of the HACP group (n = 50) (cement v HAPC, p = 0.015) and 11% of the porous group (n = 35) (cement v porous, p = 0.013). One cemented and two porous knees showed complete lucencies of 1 mm in the frontal view. Four cemented, one porous, and four HAPC knees had lucencies of 1 mm in two adjacent zones under the tibial plateau. For all groups, there was no statistically significant difference between 21 knees with lucencies of 1 mm in one or more tibial zones and 81 with no such lucencies with respect to MTPM at 24 months.
The mean preoperative knee score was 43 ± 15 (8 to 75) with no statistically significant difference between 50 HAPC, 37 porous, and 29 cemented knees (Table II) . After operation, there were no statistically significant differences between the groups at any postoperative time period, based on 41 HAPC, 31 porous, and 28 cemented cases. For all three groups with data at all three postoperative durations, the mean knee score increased from 77 ± 15 at three months (median 82; range 35 to 100) to 84 ± 15 at 12 months (median 90; range 43 to 100) and 87 ± 13 at 24 months (median 92; range 24 to 100) ( Table IV) . The increase from three to 12 months was statistically significant (p = 0.0001), as was that from three to 24 months (p < 0.00005), but the difference between 12 and 24 months was not statistically significant.
Discussion
The greatest predictive value of RSA for tibial components in knee replacement has been shown to lie in the amount of migration taking place in the period of one to two years postoperatively. Our important finding therefore was that HACP implants were more stable than the porous implants between 12 and 24 months postoperatively. We attribute this to the osteoconductive properties of the hydroxyapatite coating and believe that there is a clinically relevant advantage to the augmentation of a porous surface with hydroxyapatite. Our finding that there was no difference in stability between the HACP group and the cemented group, however, leads us to conclude that a hydroxyapatite porous coating has no fixation advantage over cement.
We found no differences in clinical knee scores between the groups, but recognise that knee scores are unreliable, and of less importance in evaluating new implant technologies. 15 One HACP knee showed extreme outlying values for rotation and migration between one and two years; the clinical result was not very satisfactory and the knee is likely to fail. The prosthesis was not in an ideal position, with the tibial component in excessive valgus and posteriorly sloped. The RSA measurement most often used in knee replacement studies is the MTPM. 16 This describes the vector length of the marker that has moved most in relation to the reference segment, which is the tibial bone, and does not take the direction of migration into account. In RSA studies of total hip replacement, measurements that include the directions of migration 17, 18 are more relevant, but after knee replacement the MTPM describes the largest movement occurring at the interface reasonably well, because the markers are in a plane parallel to the resected tibial plateau and usually no more than 1 to 2 cm distant from this plane. In addition, the prognostic value of RSA for predicting revision has been based on the MTPM. 7 Most earlier RSA studies of uncemented tibial components, including those of the Tricon-M, Tricon stem, PCA resurfacing, and of Freeman-Samuelson knees with and without metal backing and with and without a stem, [19] [20] [21] [22] [23] had a higher 24-month MTPM than either uncemented group in our study. By contrast, two studies of the MillerGalante prosthesis, with a titanium mesh, stem and four adjunctive screws, showed a 24-month MTPM lower than that for both of our uncemented groups. 24, 25 Our cemented group had 24-month MTPM means similar to, or less than, those reported for other cemented designs with the same length of folow-up [19] [20] [21] [22] 24, 26 (Fig. 8) . We therefore conclude that the PFC modular tibial prosthesis with a stem and a three-flanged keel provides excellent stability, and gives reproducible results. Our results suggest that uncemented porous fixation had no advantage over cement with regard to tibial component fixation. Except for the RSA studies discussed above, there are few reports which compare uncemented and cemented fixation in knee replacement, but two of them, on the Miller-Galante prosthesis implanted with and without cement found no differences between the two modes of HYDROXYAPATITE AUGMENTATION OF THE POROUS COATING OF TIBIAL COMPONENTS VOL. 80-B, NO. 3, MAY 1998 Fig . 8 Migration expressed as mean MTPM for the cemented group (PFC) and for other cemented prostheses previously reported: Tricon M, 22 PCA 21 and Miller-Galante. 25 fixation. 27, 28 The main problem with the PCA prosthesis has been polyethylene wear, 29, 30 which precludes a valid longer-term evaluation of different fixation methods using this prosthesis. Hydroxyapatite coating has been shown to be of value in the fixation of uncemented femoral components in hip replacement. 31 One randomised RSA study showed that hydroxyapatite-coated femoral components had better fixation than cemented femoral components. 32 It is not clear why this finding is not reproduced in our study of knee replacement.
Hydroxyapatite crystals may cause third-body wear in retrieved hip implants, [33] [34] [35] but the polyethylene of knee prostheses is more vulnerable to damage from high-contact forces on thin polyethylene inserts than to damage from abrasive wear by third-body particles. 36 Despite this, it is possible that the long-term durability of hydroxyapatitecoated implants could be affected by third-body wear from hydroxyapatite crystals liberated after the resorption of the amorphous part of the coating. Resolution of this issue will require studies with long-term follow-up. We found evidence that the augmenting effect of hydroxyapatite on porous coating, reported in animal studies, could be reproduced clinically in knee replacement. The hydroxyapatite-augmented PFC knee performed better than the porous-coated component without hydroxyapatite from 12 to 24 months, a period which is important for predicting revision. It remains to be seen whether hydroxyapatite-augmented porous coating, compared with cemented fixation, has any advantages or disadvantages in terms of durability at longer follow-up.
